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Abstract 
We have used photoinduced absorption (PA) spectroscopy and measured the intensity dependence on thin films of 
1:1 blends of regioregular-poly(3-hexylthiophene):PCBM before and after annealing as well as on 1:1 blends of 
regiorandom-poly(3-hexylthiophene):PCBM. We have calculated the bimolecular recombination coefficients from 
the out-of-phase component of the photoinduced absorption. Annealing shows no change in the bimolecular 
recombination coefficients of rr-P3HT:PCBM, but the increased PA amplitude suggests that the geminate 
(monomolecular) recombination is reduced. In rra-P3HT:PCBM, the bimolecular recombination coefficient estimated 
by the same method (disregarding dispersion) is significantly smaller, indicating together with a low PA amplitude 
that the recombination is primarily geminate. 
 
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of S. E. Shaheen, D. 
C. Olson, G. Dennler, A. J. Mozer, and J. M. Kroon. 
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1. Introduction 
The recombination rate is an important parameter when evaluating the suitability of a solar cell active 
layer material [1]. The higher the recombination rate, the faster electrons will recombine with holes, 
reducing the extracted current. Recombination can be either geminate, where the electron and hole from 
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the same original exciton recombine, or non-geminate, where electrons and holes move around 
independently until electrons meet holes and recombine. Due to their different charge concentration 
dependencies, geminate and non-geminate recombination are also known as monomolecular and 
bimolecular recombination, respectively. The monomolecular recombination rate is of first order, i.e. 
proportional to the charge concentration n multiplied by the monomolecular recombination coefficient k. 
The bimolecular recombination rate, on the other hand, is of second order in the charge concentration, i.e. 
given by the charge concentration squared multiplied with the bimolecular recombination coefficient β 
[2].  
A rate equation for the charged excitations can be written as 
dn
dt
= G − kn − βn2 , 
where G is the generation rate. Given a situation with purely bimolecular recombination and high 
excitation intensity, where the in-phase PA component follows square root intensity dependence, an 
expression for the out-of-phase component of the PA (PAOUT) intensity dependence can be derived [3]: 
−PAOUT ≈ fσdβ ln
CβG exp −α Ld / 2( )
ω 2
⎛
⎝⎜
⎞
⎠⎟
. 
Here f is the modulation frequency, σ the absorption cross section, d the thickness of the sample, C a 
constant (≈ 1.46111), αL the absorption coefficient of the film for the excitation wavelength, and ω = 2πf. 
If PAOUT is now plotted linearly as a function of the intensity on a logarithmic scale, then PAOUT should 
follow a straight line with the slope fσd/β. This can be used to directly calculate β.  
In this paper we present photoinduced absorption (PA) intensity dependence measurements on rra-
P3HT:PCBM and  rr-P3HT:PCBM (both before and after annealing) in 1:1 weight ratios. We calculate the 
bimolecular recombination coefficients from the logarithmic saturation of the out-of-phase component of 
the PA signal at high excitation intensities, and discuss the results with respect to the recent suggestion of 
spontaneous interfacial dipole formation at the P3HT:PCBM interface following heat treatment [4]. 
2. Experimental 
 Films of rr-P3HT (Plextronix OS2100) or rra-P3HT (Rieke) blended with PCBM (Solenne) in 1:1 
ratios by weight were prepared by spincoating from 60 mg/ml solutions onto sapphire substrates in 
Nitrogen atmosphere. The films were then transferred to a cryostat (Janis Research), where they were kept 
under vacuum at room temperature for the duration of the measurement. The rr-P3HT:PCBM sample was 
measured both before and after annealing on a hotplate at 120 °C for 15 minutes in Nitrogen atmosphere. 
The photoinduced absorption intensity dependence was measured using a Tungsten projector lamp with a 
610 nm cutoff filter as probe light and an Argon ion laser (Coherent Innova), at 514 nm, as excitation 
light. The excitation light was modulated using a mechanical chopper (at 313 Hz and 33 Hz for rr- and 
rra-P3HT:PCBM samples, respectively), and was focused on a 0.25 cm2 area of the sample. The probe 
light passed through the same area, was focused into a monochromator (Acton Research Corporation), and 
detected using a Si photodetector, a preamplifier and a lock-in amplifier (Stanford Research). The laser 
was set to 500 mW intensity, and neutral density filters were used to stepwise vary this. The PA was 
measured for 800 nm probe light, which is on top of the polaron absorption band for both samples. 
 
3. Results 
The intensity dependence of the in-phase and out-of-phase signals for the rr-P3HT:PCBM film both 
before and after annealing are presented in Fig. 1 (a) and (b), respectively. Fits to the low- and high-
intensity parts of the in-phase signal reveal a transition from slightly sub-linear to square-root dependence 
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with increasing intensity, suggesting bimolecular recombination as the dominant recombination 
mechanism for the probed excitations at high excitation intensities [2,3]. Annealing causes an increase in 
the PA amplitude by roughly a factor of two, which is consistent with earlier results [4] 
In rra-P3HT:PCBM on the other hand, the intensity dependence of the in-phase signal changes from 
clearly sub-linear dependence at low intensities, to approximately square-root dependence at higher 
intensities. Due to a lower modulation frequency, the square root dependence for the in-phase is reached 
sooner than for the rr-P3HT:PCBM sample. The sub-linear intensity dependence for low intensities 
suggests dispersive bimolecular recombination [5], which has also been observed before [6].  
To estimate the non-dispersive bimolecular recombination coefficient β for rr-P3HT:PCBM, the out-
of-phase signal was plotted on a log-lin scale, and the slope of the signal was fitted in the region where 
square root dependence of the in-phase signal was observed, see insets of Fig. 1 (a) and (b). Knowing the 
slope, the modulation frequency, the absorption cross-section (we assume σ = 10-16 cm2) and the 
thickness of the sample (d = 540 nm), β could be calculated using the relation β = fσd/slope [3]. The 
results are presented in Table 1. The calculated values for β are strongly dependent on the slope, and even 
if care has been taken to get as correct values as possible, they only indicate the order of β. The results 
show that annealing does not significantly affect β, showing values of 3.1×10-13 cm3/s and 2.9×10-13 cm3/s 
before and after annealing, respectively. These numbers correspond very well with the obtained value of 
β = 2×10-13 cm3/s, measured from time-of-flight measurements by Pivrikas et al.[1].  
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Fig. 1. (a) Intensity dependence of the rr-P3HT:PCBM film before annealing; (b) Intensity dependence of the rr-P3HT:PCBM film 
after annealing.  In-phase signals are represented with black squares and the out-of phase signals with red dots. The solid red lines 
are linear fits, showing the intensity dependence in different regions. The insets show the out-of-phase component, with fits to the 
logarithmically increasing slope for the region where the in-phase component shows square root dependence. The red line for the fit 
in the inset of (a) is extended for better visibility. 
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Fig. 2. Intensity dependence of the rra-P3HT:PCBM film. In-phase signals are represented with black squares and the out-of phase 
signals with red dots. The solid red lines are linear fits, showing the intensity dependence in different regions. The insets show the 
out-of-phase component, with fits to the logarithmically increasing slope for the region where the in-phase component shows square 
root dependence. 
For rra-P3HT:PCBM, the use of this method for evaluating β is not so straight-forward. The analytical 
solution used for fitting the out-of-phase signal assumed no dispersion, and thus the calculated β = 
3.7×10-14 cm3/s (using d = 140 nm) may not be accurate due to the very large dispersion observed [6]. For 
comparison, we have used an alternative way of estimating β in this blend. According to Koster et al. [7], 
β is determined by the slower charge carrier. In this case, the value for β in neat rra-P3HT [8] can be 
taken as an estimate for rra-P3HT:PCBM as well, and is 4×10-12 cm3/s.  
Table 1. Bimolecular recombination coefficients, as calculated from the out-of-phase intensity dependencies. 
Material β (×10-14 cm3/s) 
rr-P3HT:PCBM unannealed 31 
rr-P3HT:PCBM annealed 29 
rra-P3HT:PCBM  3.7 
 
4. Discussion  
It is well known that annealing improves the performance in rr-P3HT:PCBM solar cells. Previous 
studies have shown that the bimolecular recombination coefficient in rr-P3HT:PCBM is significantly 
reduced compared to the Langevin recombination coefficient βL (= 2×10-9 cm3/s) [1], which is a major 
reason for the high solar cell performance of this blend. Other beneficial properties of the rr-P3HT are the 
tendency to form lamellas [9,10] and a decent overlap with the solar spectrum. Recent findings [4] show 
that spontaneous formation of interfacial dipoles at the polymer/fullerene interface after annealing is 
likely to reduce both geminate and non-geminate recombination in this blend. The results presented in 
this paper indicate that annealing does not significantly affect β, but at the same time the PA amplitude, 
which is proportional to the charge concentration n, increases by almost a factor of two. Given the same 
excitation intensity, the increase in PA can be assigned to a reduced geminate recombination at the 
P3HT/PCBM interface, allowing for a greater number of charges to escape the interface and delocalize 
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into the P3HT and PCBM phases. Thus, we suggest that the main effect of the induced dipoles at the 
interface after annealing is a reduction of the geminate recombination, although a smaller effect on the 
non-geminate recombination is still likely. 
The increased charge concentration will increase the bimolecular recombination rate, βn2, resulting in 
shorter lifetimes for the charges. Previous measurements show this is indeed the case, with lifetimes 
reducing from 70 to 35 ∝ s after annealing [4].  
Although a bimolecular recombination coefficient for rra-P3HT:PCBM is given in Table 1, the 
dominant recombination mechanism is monomolecular [11] (low n, low β). The low number of charges 
generated indicates that major losses occur through geminate recombination processes, both for excitons 
in the bulk of the rra-P3HT and for separated Coulombically bound charges sitting at the rra-
P3HT/PCBM interface. The bimolecular recombination here follows Langevin dynamics, meaning that β 
= βL [8]. 
5. Summary 
We have measured the intensity dependences for the PA of rr-P3HT:PCBM both before and after 
annealing, as well as for rra-P3HT:PCBM. The out-of-phase intensity dependence has been used to 
determine the bimolecular recombination rate coefficients of the rr-P3HT:PCBM film, and the results 
indicate that there is no significant change in β upon annealing. This implies that the main effect of the 
recently proposed spontaneous formation of interfacial dipoles after annealing is to reduce geminate 
recombination. 
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